Abstract: This study investigates the anaerobic biodegradation characteristics of a simulated Bangladeshi food waste. Biochemical methane potential experiments carried out in 500 mL batch digesters showed the methane yields of cooked meat, cooked fish, boiled rice, vegetable and mixed food waste (MFW) to be 541, 402, 319, 274 and 484 ml CH 4 /gVS, respectively. The biodegradability of 87%, 83%, 75%, 76% and 82% were obtained for cooked meat, cooked fish, boiled rice, vegetable and MFW, respectively. At mesophilic temperature (35°C), a maximum of 484.41 ml CH 4 /g VS was observed at an inoculum to substrate ratio (ISR) of 1 followed by 280, 166, 194 and 43 mL CH 4 /g VS at ISRs 10, 2, 0.1 and 0.05, respectively. The modified Gompertz model utilised for estimating the kinetic parameters of methane production revealed the maximum methane production rate as 16.02 ml CH 4 /g VS.d at an ISR of 1 with lag phase of 3.8 days.
Introduction
With rapid increase in population and urbanisation, poor management of solid waste generated in Bangladesh is severely worsening the environmental and sanitation conditions in the country (Sujauddin et al., 2008) . On the other hand, improper disposal of organic wastes at solid waste landfill site results in the production of methane, which contributes about 4% to the annual global anthropogenic greenhouse gas (GHG) emissions (IPCC, 2001) . In this context, Bangladesh is considered as one of the most vulnerable countries in the world facing the challenges of climate change and impact of global warming (Al-Amin et al., 2013) . This kind of emerging precarious situation needs to be addressed by an effective integrated solid waste management strategy.
Many of the European and Asian countries are aiming at limiting the municipal solid waste (MSW) disposal in landfills to no more than 5% of the organic wastes. They have imposed taxes on landfilling to ensure that the combustibles and organic matters are segregated and treated properly rather than buried in the ground (Read et al., 1997) . In Bangladesh, of the total waste generated (16,380 ton/d), food/vegetable wastes only account for about 62% (Sujauddin et al., 2008) . Despite this, there have been no attempt to evaluate anaerobic biodegradability and methane production potential of these organic-rich substrate which are appropriate for methane production by anaerobic digestion (AD) (Cho et al., 1995; Rao and Singh, 2004; Zhang et al., 2007) . Over the last decades, there is growing interest on AD processes for energy recovery from organic wastes such as wastes of agro-food industries (food, fruit, and vegetables by-products) (Forster-Carneiro et al., 2008; Alvarez et al., 2010; Elbeshbishy et al., 2012; González-González, 2012; Browne and Murphy, 2013) , animal and slaughterhouse wastes (Kafle and Kim, 2013; Sánchez et al., 2001) , excess industrial sludge (Silvestre et al., 2011; Mahanty et al., 2013) and food waste (Forster-Carneiro et al., 2008; Elbeshbishy et al., 2012; Cho et al., 1995; Bouallagui et al., 2004; Liu et al., 2009; Behera et al., 2010; Ma et al., 2011) . Decomposition of food waste has the advantage of not only generating methane as renewable energy, but also significantly helping in the removal of pollutants present in the MSW.
Several factors influence the biogas production efficiency including environmental conditions viz. pH, temperature, type of substrate, mixing pattern (Molnar and Bartha, 1989) , and process inhibitory parameters viz. high organic loading, formation of high volatile fatty acids, inadequate alkalinity, etc. Thus, biogas production from a substrate depends on the characteristics of the waste, the operating conditions and the environmental factors. The primary strategy for the successful conversion of organic substrates like food waste into methane is to provide sufficient inoculum concentration to complete the digestion process. The optimum ratio of active biomass and substrate, i.e., inoculum-to-substrate ratio (ISR) can ensure the growth and metabolism of different groups of bacteria involved in fermentation of both primary and intermediate organic compounds. Many researchers have investigated the effect of ISR on AD performance (in terms of ultimate methane yield and methane production rates) for a variety of substrates (Browne and Murphy, 2013; Raposo et al., 2009; González-Fernández and García-Encina, 2009 ). ISR is highly dependent on the characteristics of substrate and inoculum and, often it is difficult to generalise its effect on the AD process (Eskicioglu and Ghorbani, 2011) .
In this study, experiments were formulated to:
a evaluate the feasibility of biomethane production from simulated Bangladeshi mixed food waste (MFW) b estimate the kinetic parameters from the mathematical models (1st order model and modified Gompertz model) concerning methane production rate c evaluate the biomethane production potential at varying ISRs (1, 10, 2, 0.1 and 0.05) under mesophilic condition (35°C).
The information obtained from this study might help in the assessment of methane production when this country-specific food waste is applied to anaerobic digesters or sanitary landfills. At the same time, it can also be used to estimate the GHG emission reduction when the food waste is not allowed for open dumping as practiced today.
Materials and methods

Substrate and inoculum
The food waste was collected two times in a week for over a period of two months from the houses of a community of Bangladeshi people staying in Ulsan, South Korea. The food waste was characterised according to the procedure outlined in Section 2.3 (physico-chemical and biogas analysis). As the percentage of various components viz., boiled rice, cooked vegetable, cooked meat, and cooked fish in the collected food waste sample was observed to be different from that of Bangladesh (Rahman et al., 2005) , the sample was simulated by excluding the non-biodegradable portions (bones and egg shells) to make it a representative one ( Table 1 ). The inoculum was obtained from the anaerobic sludge digesters at Yongyeon sewage treatment plant (Ulsan) which co-digest about 40 ton/d of food waste (Han et al., 2012) . 
BMP experiments
500 mL batch digesters (working volume = 300 mL) capped with natural rubber sleeve stoppers were used to carry out the AD experiments. The digesters were seeded with a mixed anaerobic culture which was thoroughly mixed and filtered through a screen of pore size 1 mm. An alkalinity of 5,000 mg CaCO 3 /L was maintained in the digesters by adding NaHCO 3 to adjust the pH to about 7.8. Then the digesters were purged with N 2 gas for 5 min to assure anaerobic condition. The digesters were incubated in an incubator shaker at 120 rpm and at 35 °C. Biogas produced in each digester was measured daily for 30 days. To determine the background biogas production, a control digester containing only inoculum was run in parallel for all the experiments. The volume of background (control) subtracted methane production in experimental sets were adjusted to STP condition. All the experiments were performed in duplicate and the results represent their average value. Sample pH was measured at the beginning and at the end of the experiments. In order to determine the cumulative methane yield (CMY) of MFW and its components, the inoculum -substrate mixtures were maintained at a ratio of 1.0 on volatile solid (VS) basis (w/w). The selection of this ISR was based on literature reports showing either higher methane yield or faster methane production rate for a variety of substrates (Behera et al., 2010; González-Fernández and García-Encina, 2009; Kameswari et al., 2011; Raposo et al., 2009; Zhou et al., 2011) . Nevertheless, the biomethane production potential of this country-specific MFW was evaluated at ISRs viz. 10, 2, 1, 0.1 and 0.05 to substantiate the previous literature reports on the effect of ISR on methane production.
Physico-chemical and biogas analysis
Analysis of total solids (TSs), VSs, and alkalinity of samples were carried out in accordance with procedure outlined in standard methods (APHA, 2005) . The details of COD Cr, pH, total nitrogen (TN), total phosphorus (TP), NH 4 + -N, Cl -and biogas analysis is outlined elsewhere (Behera et al., 2010) . After the experiment, duplicated digestate samples (4 g) were taken from all cultures and thoroughly mixed with 1 M KCl solution (in the ratio of 1:10, v/v). Forty ml of each sample was centrifuged at 5,000 rpm for 30 min and filtered using a glass fibre filter (GF-75, 0.7 μm pore size, Toyo Roshi Kaisha Ltd., Japan) prior to analyses. The pH of these samples was measured and then the samples were diluted 100 times to determine their NH 4 + -N concentration using a DR2000 spectrophotometer. The ultimate analysis of the food waste was carried out in duplicate on dried samples according to standard ASTM procedures and then the theoretical methane yield (TMY) was determined (Tchobanoglous et al., 1993) . Considering the TMY and CMY of the food waste, biodegradability was determined (Lee et al., 2009) .
The relative amount of VS degraded during the experiments (VS degr. ) was estimated using equation (1) (VDI 4630, 2006) assuming that VS is converted into either CH 4 or CO 2 and, 7% of the degraded VS were converted to bacterial biomass (Boltes et al., 2008) . The reason behind using this method was that it was not possible to determine digestate VS content after digestion experiment due to insufficient sample quantity:
where V gas is the volume of biogas generated (ml), C CH4+CO2 is mass concentration of CH 4 and CO 2 in the biogas (g/ml) calculated using a density of CH 4 = 0.000668 g/ml, and CO 2 = 0.00184 g/ml, m is the amount of substrate added to the reactor (g), and VS is the total VS concentration in the substrate (g/g). The VS reduction was calculated by direct measurement of the VS content of reactors before and after the experiments.
Kinetic analysis
First order kinetic model is the simplest one applied to AD of complex substrates as it provides a simple basis for comparing stable process performance under practical conditions. The basic equation pertaining to biodegradation of MFW and its components can be written as:
where k is the reaction rate constant (d -1
), S is the substrate concentration (g VS/L) and t is the time (day). Integrating equation (2) with initial and final boundary conditions,
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The production of methane is related to the substrate degradation by (Cho et al., 1995) :
where B is the CMY at time t and B 0 is the ultimate methane yield (mL CH 4 /g VS) and assumed to be equal to the final B (after 30 days of digestion). From equations (3) and (4);
The CMY data from the experiments was also fitted to the modified Gompertz model to determine the maximum CH 4 production potential (P), maximum CH 4 production rate (R max ), and lag phase (λ). The equation used to obtain the maximum CH 4 production rate had the following form:
where M(t) is the cumulative CH 4 production (mL CH 4 /g VS) at time t; P is the maximum CH 4 potential (mL CH 4 /g VS) at the end of incubation time; t is the time (d); R max is the maximum CH 4 production rate (mL CH 4 /g VS. d); λ is the lag phase (d) and e is exp (1), i.e., 2.718. The typical cumulative CH 4 production curve can be nonlinearly modelled by equation (6). The parameters of each experimental datasets were estimated by curve-fitting using Sigma plot version 9.0 with minimum residual sum of squared errors between the experimental and model fitted values.
Results and discussion
Characteristics of MFW and its components
The weekly average moisture content (MC) and the ratio of VS to TS of MFW was determined from samples collected over a period of two months (Table 1) . The average MC, VS and VS/TS ratio of the MFW sample were 86%, 13% and 93%, respectively (Figure 1 ). An average MC of 86% indicates that the MFW contains sufficient moisture to become putrefied easily. The VS/TS ratio was relatively high (~93%), which suggests that the substrate is favourable for AD of MFW. In case of meat and fish, VS content was higher (32%-46% and 47%-59%, respectively), while it was lowest for vegetable waste (4.5%-14.5%). The VS/TS ratio was relatively higher (>90%) for all food waste components.
Figure 1 Weekly average of VS, MC and VS/TS ratio of collected MFW samples
Note: Y error bars show the standard deviations. Table 3 shows the characteristics of the MFW and its components used for biochemical methane potential (BMP) assay. The NH 4 + concentration in fish residue was highest (1.29 g/L) among all components of food waste and MFW. As evident from the concentration of chloride present in MFW and its components, sodium is present in a range of 100-1,600 mg/L concentration, which is well below the moderately inhibitory concentration ranges (3,500-5,500 mg/L) for AD (Rittmann and McCarty, 2012) . The carbon to nitrogen (C/N) ratio of rice was high as compared to fish and meat. However, vegetable and MFW were near or within the optimal range (15.5-25) for AD (Wu et al., 2010) . Figure 2 illustrates the methane yield (mL CH 4 /g VS) during the digestion of MFW and its components. The rate of methane production of MFW was kept on increasing up to day 16 and the CMY was 484 mL CH 4 /g VS. Subsequently, there was no change in the methane yield until the end of experiment (30 days), which could possibly be due to the depletion of soluble substrates within the first 15 days of digestion. With respect to the food waste components, the CMYs were 273.8, 318.8, 402.3, 540.7 mL CH 4 /g VS for vegetable, rice, fish and meat, respectively. As understood from Table 2 , the CMY of this MFW is either better or at least comparable with some other countries. Therefore, as expected, the typical Bangladeshi food waste can also be considered as an excellent substrate for methane production. Most of the methane yield was obtained within 16 days of digestion. This could be due to the presence of very high fraction of easily biodegradable organics than the slowly biodegradable refractory fraction in the food waste (more discussion in the next section). Among the food waste components, highest CMY from meat (540.7 mL CH 4 /g VS) can be attributed to its highest VS content (11.04%). On the other hand, fish with nearly same VS content (10.64%) had a CMY of 402 mL CH 4 /g VS. Lowest CMY for vegetable is due to its lowest VS percent. On the other hand, AD of rice with about twice VS percent do not provide equivalent CMY (318 mL CH 4 /g VS) when compared to vegetable (273 mL CH 4 /g VS). Nevertheless, the C/N ratio of rice is in higher range (15.5-25 as prescribed by (Wu et al., 2010) ) as compared to vegetable (Table 3) which might explain the observed result. In all cases, the pH values remain near or a bit above neutral (Table 4 ), indicating that inhibition by VFA is unlikely. 
Methane production potential of MFW and its components
Biodegradability of MFW and its components and kinetics
Corresponding to the TMYs (Rittmann and McCarty, 2012) of rice, vegetables, meat, fish and MFW, their biodegradability (Raposo et al., 2009 ) were found to be 75.1%, 76.3%, 87.0%, 82.6%, and 82.1%, respectively. In case of individual components, highest and lowest CMY for meat (541 mL CH 4 /g VS) and vegetables (274 mL CH 4 /g VS) were directly proportional to their VS contents (32%-46% and 6%-20%). Besides, in case of meat it was proved that the higher the biodegradability of substrate, the higher the biomethanation rate at identical operational conditions (Esposito, 2012) . Kinetic study provides the knowledge to predict the performance of AD process including that of the design of appropriate digesters. Besides, kinetic studies are also helpful in understanding the inhibition of intermediates on methanogenesis. The most common equation used to describe the overall AD process is a first order kinetic model (Rao and Singh, 2004) . The slope of equation (5) gives the values of reaction rate constants, k for the MFW and individual components (Table 5) ). Thus, the kinetics of food waste degradation or gas production is satisfactorily predicted with the first-order model. The longer lag phase observed during AD of fish could be due to the presence of higher ammonia concentration (1.29 g/L) as compared to the MFW and other components. However, ammonia inhibition for AD of MFW and its components is unlikely as ammonia concentrations were below the limit value of 1500 mg/l (Table 4) responsible to initiate inhibition (Deublein and Steinhauser, 2010) . Table 5 Biodegradability and kinetic constant of MFW and its components. Table 5 shows the diversity in k value and biodegradability of different components of food waste. Almost similar k values for vegetables and rice were observed indicating its biodegradability of 76.3% and 75.1%, respectively. In contrast, comparatively low k-values, e.g., 0.09 d -1 and 0.11 d -1 with biodegradability of 82.6% and 87.0% were observed for fish and meat components, respectively. The proportion of protein and lipid is considerably high in fish and meat components of MFW. During AD, degradation of proteins and lipids leads to the accumulation of ammonia and long chain fatty acids. Therefore, the imbalance of nitrogen and COD might have also resulted in low biodegradability of these components. It has been observed that the digestion process gets deteriorated with total process cessation at a COD/N ratio of 50 (Poggi-Varaldo et al., 1997) . Thus, the different composition of MFW with fish and meat has high impact on methane production and hence it may be overcome by co-digestion, which could be advantageous due to an improved C/N ratio and dilution of the inhibitory compounds (Tritt, 1992) .
CMY of MFW at different ISRs and kinetics
The CMY profile of MFW at various ISRs under mesophillic condition (35°C) revealed that the methane yields were considerably different at different ISRs (Figure 3) . The CMY values after 30 d of digestion were 280, 166, 484, 194 and 43 mL CH 4 /g VS at ISRs of 10, 2, 1, 0.1 and 0.05, respectively. The highest CMY was observed at ISR of 1; the plateau phase was reached after 16 days of digestion when the CMY was 484 mL CH 4 /g VS. At ISR of 0.05, inhibition effect of high concentration of complex organic matter on acidogenic/methanogenic activities was observed. The ISRs 2 and 0.1 resulted in almost similar CMY, with a longer lag phase of 9 days for ISR 0.1. The batch AD experiments conducted at ISR of 1 and 10 were found in good agreement with the results as predicted by modified Gompertz model. The ISR of 1 presented a lag phase (λ) of 3.8 d and R max of 16.02 CH 4 /g VS.d, while ISR of 10 presented a λ of 1.38 and R max of 15.46 mL CH 4 /g VS.d. The increase in ISR resulted in decrease of λ due to presence of adequate inoculum concentration which is more likely to overcome the substrate inhibition. The increase of ISR (from 1 to 10) resulted in decrease of methane production (from 503 to 281.2 mL CH 4 /g VS), which indicated that the utilisation of substrate in this reactor was limited by the amount of substrate and not by the amount of inoculum. This result is consistent with Zhou et al. (2011) who studied the influence of substrate-to-inoculum ratio on AD of bean curd refuse-okara under mesophilic condition and reported a linear relationship between methane yield and substrate-to-inoculum ratio.
The low ISR ratio of 0.1 and 0.05 resulted in low methane yield. This can be attributed to the low methanogenic activity and/or the number of methanogens. This condition might also result in the accumulation of the volatile fatty acid (VFA) (Liu et al., 2009) , which has inhibitory effect on methanogenic activities. Almost similar methane productivity (R max ) of 16.02 and 15.46 CH 4 /g VS.d was observed at ISR of 1 and 10. However, longer lag phase was reported at ISR of 1.0. This indicates that the methanogenic activity inhibited at low ISR (1.0) was overcome with high inoculum concentration leading to dilution of toxicity caused by organic substances of MFW.
Conclusions
This study was carried out through a series of BMP tests to demonstrate the feasibility of MFW simulated to Bangladesh condition towards its biomethane production potential. The physico-chemical analyses of MFW and its components revealed the favourable concentration range of different parameters, viz. VS/TS ratio, C/N ratio, TN, TP, and NH 4 + -N towards biodegradability and methanogenic activities. Under identical operating conditions, higher CMY was observed for meat than other components of MFW. The first order biodegradation reaction kinetics revealed excellent biodegradability (82.1%) of MFW with a rate constant of 0.15 d -1
. Besides, modified Gompertz model revealed a maximum CH 4 yield of 503 ml/g VS with R max of 16.02 ml CH 4 /g VS.d and λ of 3.8 d for ISR of 1:1. Based on the result obtained from this investigation, it can be concluded that the Bangladeshi food waste can be used in anaerobic digesters and/or sanitary landfills for sustainable methane production, which can cater to the needs of energy requirement in the country. Besides, it could provide solutions for current international environmental issues such as tackling global warming and contributing to sustainable development objectives, among others.
